Abstract. Serum testosterone is a potential marker to distinguish between indolent and aggressive prostate cancer (PCa). The present study aimed to investigate whether low levels of total serum testosterone at diagnosis were associated with aggressive PCa and poor clinical outcomes. In total, 762 non-Hispanic Caucasian men with previously untreated PCa were recruited from The University of Texas MD Anderson Cancer Center (Houston, TX, USA). Patients were categorized into three groups based on their total serum testosterone levels according to clinical guidelines [low (<230 ng/dl), intermediate (230-350 ng/dl) and normal (>350 ng/dl)]. PCa aggressiveness (low-, intermediate-or high-risk, or metastatic) was compared using multinomial logistic regression. Rates of disease progression, mortality from any cause and PCa-specific mortality were compared using the multivariate Cox proportional hazards model. Testosterone levels significantly decreased as PCa aggressiveness increased (P<0.001). Compared with the normal testosterone group, the low testosterone group had 2.9-fold (OR, 2.92; 95% CI, 1.74-4.90; P<0.001), 5.6-fold (OR, 5.63; 95% CI, 3.14-10.12; P<0.001) and 72.4-fold (OR, 72.40; 95% CI,; P<0.001) increased risks of having intermediate-risk, high-risk and metastatic PCa, respectively. Furthermore, low levels of testosterone were significantly associated with a 10.7-fold (HR, 10.68; 95% CI, 1.35-84.44; P= 0.03) increased risk of PCa-specific mortality. The results of the present study indicate that low levels of total serum testosterone at diagnosis are associated with aggressive PCa and predict poor PCa-specific survival.
Introduction
Prostate cancer (PCa) is the most common cancer among men in the US (1) . Use of the prostate-specific antigen (PSA) test in PCa screening is controversial, due to uncertainty surrounding its benefits and risks (2) ; the PSA test can identify asymptomatic, indolent tumors, leading to unnecessary treatments and significant side effects associated with these treatments (1, 3) . The prevalence of clinically indolent tumors has been estimated to range from 30 to 70% in men aged >60 years (4, 5) . Therefore, a reliable method for distinguishing between indolent and aggressive PCa is urgently required.
Multiple pre-treatment risk stratification systems have been developed for patients with PCa (6) . Among them, the D' Amico risk stratification is the most widely used; it groups patients with localized PCa into three strata (low-, intermediate-and high-risk), based on total Gleason score, clinical stage and PSA levels at diagnosis (7) . However, this existing three-group risk stratification system is insufficient to predict tumor aggressiveness as each risk group, particularly the intermediate-risk group, remains heterogeneous with regard to prognosis and treatment management (6) . Current research is actively exploring new markers to enable better distinction between indolent and aggressive disease and to minimize unnecessary treatment (1) .
Testosterone is essential for the normal growth, cytodifferentiation and maintenance of prostate tissue (8) . High testosterone levels were previously considered to lead to the potential development of PCa and more rapid growth of the tumor (9, 10) . However, studies on the association between testosterone and PCa risk have produced conflicting results (8, 9) . Numerous studies have demonstrated that low, rather than high, testosterone levels at diagnosis were associated with various markers of poor prognosis, including an advanced pathological stage, higher Gleason scores, higher PSA levels, seminal vesicle invasion and positive surgical margins (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Few studies have further investigated whether low levels of testosterone predict poor prognosis.
The present study investigated whether low levels of total serum testosterone at diagnosis were associated with aggressive features of PCa. In addition, the study further investigated whether low levels of testosterone could predict poor clinical outcomes, including disease progression, mortality from any cause and PCa-specific mortality, independently of the commonly used clinical parameters.
Materials and methods
Study population and data collection. The present study was approved by Institutional Review Board of the University of Texas MD Anderson Cancer Center (Houston, TX, USA) and informed consent was obtained from all individual participants included in the study. Recruitment and data collection for the present study was conducted as previously described (26, 27) . Briefly, a total of 762 non-Hispanic Caucasian men with previously untreated, newly diagnosed PCa, who were treated at The University of Texas MD Anderson Cancer Center between September 2000 and February 2012 and who had total serum testosterone measured were included in the current study. The morning total serum testosterone levels were measured as part of a standard panel of tests evaluating patients' overall baseline condition prior to treatment. Information on demographics, body mass index (BMI) and smoking history was collected at patient registration using self-administered questionnaires. Clinical data, including diagnosis date, PSA level at diagnosis, biopsy-proven Gleason score, tumor-node-metastasis classification and treatments, was abstracted by a chart review of the patients' medical records. Data regarding disease progression was abstracted for 453 patients who had a localized tumor and received active treatments. For patients with locally advanced (T3a, T3b or T4) or metastatic tumors, follow-up PSA tests were performed every 3-6 months for 5 years. Following definitive therapy, PSA tests were performed every 3-6 months for the first 5 years, every 6-12 months for the subsequent 5 years, and annually thereafter.
Definition of tumor aggressiveness and clinical outcomes.
Aggressiveness of localized tumors was defined as follows based on the D'Amico risk criteria (7): Low-risk (total Gleason score ≤6; clinical tumor classification of T1-T2a; PSA ≤10 ng/ml); intermediate-risk (Gleason score equal to 7; and/or clinical tumor classification of T2b; and/or PSA level >10 and ≤20 ng/ml); and high-risk (Gleason score ≥8; or clinical tumor classification of T2c-T4; or PSA >20 ng/ml). In addition, metastatic tumors were defined as the most aggressive form of PCa, as they confer a poor prognosis (28) . Disease progression in patients with localized tumors was defined as the presence of biochemical recurrence (BCR), local recurrence or distant metastasis (whichever was recorded first), as local recurrence or distant metastasis may occur with no record of an increase in PSA in certain cases. According to the American Urological Association Prostate Cancer Guidelines Panel (29) , BCR in patients treated with radical prostatectomy is defined as a PSA ≥0.2 ng/ml with a second confirmatory level of PSA >0.2 ng/ml. The Radiation Therapy Oncology Group-American Society for Therapeutic Radiology and Oncology (30) defines BCR in patients with PCa who received radiotherapy as a rise in PSA of ≥2 ng/ml above the lowest level following treatment (the nadir).
Statistical analysis.
According to an international consensus statement (31) , patients were categorized into the following three groups based on total serum testosterone levels: Low (<230 ng/dl), intermediate (230-350 ng/dl) and normal (>350 ng/dl). The distribution of selected characteristics of the three testosterone groups were compared using the nonparametric K-sample test on the equality of medians for continuous variables and the Chi-squared test for categorical variables. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated to measure the association between serum testosterone levels and PCa aggressiveness, using multinomial logistic regression with the low-risk form of PCa as the reference outcome, following adjustment for potential confounding variables, including age, BMI and smoking status. In addition, a restricted cubic spline was used to model the non-linear association between serum testosterone levels and PCa aggressiveness. Four knots were used for this model and the 95th percentile (675 ng/dl) was chosen as the reference level.
The 'time to event' of the clinical outcomes was defined as the length of time between diagnosis and the clinical outcome of interest (mortality) or the last follow-up. Kaplan-Meier estimator survival curves and log-rank tests were used to assess the association between serum testosterone levels and clinical outcomes across the three testosterone groups. A multivariate Cox proportional hazards model was used to estimate hazard ratios (HRs) and 95% CIs, following adjustment for age, tumor aggressiveness (low-, intermediate-or high-risk, or metastatic) and treatment.
All statistical analyses were performed using Stata software (version 13; StataCorp, College Station, TX, USA) and all tests were two-tailed. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. Specific characteristics of the patients, overall and by total serum testosterone levels, are summarized in Table I . The majority of the participants had a total Gleason score of 7, T1 tumor stage, and PSA <10 ng/ml at diagnosis, and were treated with radiotherapy. Between the three testosterone groups, patients differed significantly in terms of BMI at diagnosis, total Gleason score, clinical tumor classification, lymphatic metastasis at diagnosis, distant metastasis at diagnosis, clinicopathological characteristics, PSA levels at diagnosis and initial primary treatment (P<0.001). In particular, nearly half (47.9%) of the patients with low serum testosterone had tumors with a total Gleason score of ≥8 compared with only 11.7% of patients with normal serum testosterone levels. Distant metastases at diagnosis were present in 19.5% of patients in the low serum testosterone group compared with 1.8% in the normal serum testosterone group.
Association between total serum testosterone levels and PCa aggressiveness. As shown in Fig. 1A , total serum testosterone levels decreased as aggressiveness increased (P<0.001). In addition, total serum testosterone levels decreased with increases in the total Gleason score of the tumor (P<0.001; d chemotherapy, cryoablation, high-intensity focused ultrasound or transurethral resection of prostate. Data are presented as median (range) for continuous variables, and number of patients (%) for categorical variables. Total serum testosterone levels were classified as normal (>350 ng/dl), intermediate (230-350 ng/dl) or low (<230 ng/dl). BMI, body mass index; PSA, prostate-specific antigen. P-values were from the comparison of the three testosterone groups using the nonparametric K-sample test on the equality of medians for continuous variables and the Chi-squared test for categorical variables.
total serum testosterone levels. Intermediate levels of total serum testosterone were not significantly associated with PCa aggressiveness.
A restricted cubic spline was used to model the association between total serum testosterone levels and the intermediateor high-risk/metastatic forms of PCa (Fig. 3) . As shown in Fig. 3A , total serum testosterone levels >200 ng/dl were not significantly associated with the intermediate-risk form of PCa; however, total serum testosterone levels <200 ng/dl were significantly associated with intermediate-risk form of PCa. A similar association was found between total serum testosterone levels and high-risk/metastatic PCa (Fig. 3B) ; however, when total serum testosterone levels reached >150 ng/dl an association was notable.
Association between total serum testosterone levels and clinical outcomes. As shown in Fig. 4 , compared with the group with normal levels of total serum testosterone, the group with low levels had a significantly increased risk of disease progression (HR, 2.10; 95% CI, 1.09-4.07; P=0.03; Fig. 4A ), mortality from all causes (HR, 3.80; 95% CI, 1.99-7.28; P<0.001; Fig. 4B ) and mortality due to PCa (HR, 28.14; 95% CI, 3.83-206.97; P<0.001; Fig. 4C ). Table III shows the multivariate adjusted results. Compared with normal testosterone levels, low levels of testosterone were associated with a non-significant 1.9-fold (HR, 1.90; 95% CI, 0.89-4.03; P=0.10) increased risk of mortality from all causes and a significant 10.7-fold (HR, 10.68; 95% CI, 1.35-84.44; P=0.03) increased risk of death due to PCa.
Discussion
In a cohort of 762 patients with PCa, the present study observed that low levels of total serum testosterone at diagnosis were associated with aggressive features of PCa. Furthermore, the results of the current study indicate that low total serum testosterone levels predict poor PCa-specific survival (i.e., mortality due to PCa). To the best of our knowledge, this is the first study to show an association between total serum testosterone levels and PCa-specific mortality.
The present study demonstrated that, compared with high levels of total serum testosterone at the time of diagnosis, low total serum testosterone levels at the time of diagnosis were associated with aggressive features of PCa, which is consistent with the results of previous studies (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . A previous pooled analysis of 18 prospective studies identified that pre-diagnosis serum testosterone levels were not associated with the high-risk form of PCa (32); however, the testosterone levels in this analysis were measured years prior to PCa diagnosis and a different definition of high-risk form of PCa was used.
The results of the current study suggest that low total serum testosterone levels predict poor prognosis in patients with PCa. Three previous studies (33) (34) (35) , of which two had small sample sizes (34, 35) , have investigated this association in patients with metastatic PCa patients. Consistent with the present study, the results of these studies indicated that lower testosterone levels predicted poor overall (33,34) and progression-free (35) survival times in patients with metastatic PCa. Two previous studies Table II . Association between total serum testosterone levels at diagnosis and PCa aggressiveness. .05 vs. normal testosterone level group via a multinomial logistic regression model. Multinomial logistic regression with the low-risk form of PCa was used as the reference outcome. PCa, prostate cancer; OR, odds ratio; CI, confidence interval. P-values for each trend were obtained by including the three levels of testosterone as ordinal variables in a multinomial logistic regression model. investigated the association between testosterone levels and BCR in patients with PCa who received radical prostatectomy, with inconsistent results; one study (36) indicated that lower testosterone levels predicted BCR, while the other study (24) showed no association between these factors (24) . In addition, low testosterone has been demonstrated to be an independent risk factor for disease progression/reclassification in patients with PCa on active surveillance (37) .
Testosterone levels -----------------------------------------------------------------------------------------------------------
The molecular mechanisms underlying the association demonstrated in the present study between low total serum testosterone levels at diagnosis and PCa aggressiveness or poor prognosis is unclear. One possibility is that low total serum testosterone levels may induce or select for molecular features that are indicative of more aggressive PCa or drug resistance (38) . A previous study using NKX3-1/PTEN mutant mice suggested that prolonged exposure to low testosterone levels led to accelerated PCa progression and elevated expression of well-characterized markers of cancer progression, such as extracellular signal-regulated kinase/mitogen-activated protein kinase (39) . Further gene expression profiling suggested that NKX3-1/PTEN mutant PCa mice with low testosterone levels and NKX3-1/PTEN mutant mice with androgen-independent PCa shared markedly similar gene expression profiles (39) . The overlapping cluster included genes such as androgen receptor (AR), matrix metalloproteinase 9, ETS1, runt-related transcription factor 1 and Vav guanine nucleotide exchange factor 3, which are associated with human PCa progression and hormone-refractory PCa (39) . Previous human studies identified that patients with metastatic PCa with low serum testosterone levels had a worse response to endocrine therapy compared with patients with high serum testosterone levels (33, 38) . Notably, data from the present study is consistent with the general model of oncogene derepression as a mechanism of PCa progression (40) . In this model, inhibition of AR function can lead to derepression of oncogenes that are normally repressed by the fully functional AR, leading to PCa progression. It is conceivable that low serum testosterone may lead to activation of oncogenic pathways through this general mechanism.
The results of the present study have important clinical implications for the management and treatment of patients with PCa. The results indicate that pre-treatment total serum testosterone levels could serve as a marker to distinguish between indolent and aggressive PCa. Notably, total serum testosterone levels could predict prognosis beyond the existing D'Amico three-group risk stratification (7) based on total Gleason score, clinical stage and PSA. If the findings of the current study are replicated and validated, clinicians may consider testing total serum testosterone routinely at diagnosis, in order to minimize over-treatment of indolent PCa and under-treatment of aggressive PCa.
The present study had several limitations. Firstly, despite the relatively large sample size, there was little data for clinical outcome due to the fact that the majority of the patients had localized disease. The association between total serum testosterone levels and PCa-specific survival was statistically significant despite the small number of events; however, there was insufficient statistical power for the other two clinical outcomes (disease progression and mortality from all causes). Secondly, the study group consisted of a heterogeneous population, including patients with localized and metastatic tumors. The strengths of the current study were the systematic assessment of a large group of patients with PCa for a series of clinical outcomes, including disease Table III . Total serum testosterone levels at diagnosis and clinical outcomes of PCa patients. progression, mortality from all causes and PCa-specific mortality, which provided a comprehensive assessment of the association between total serum testosterone levels and PCa prognosis. In addition, all serum testosterone assays, histopathological diagnoses, treatment procedures and collection of covariates were performed in a standard and consistent way across all patients. In future, studies with a larger sample size and measurements of bioavailable/free serum testosterone and other androgens, such dihydrotestosterone and androstenedione, are warranted.
In conclusion, the results of the present study using a large cohort support the mounting evidence of an association between low total serum testosterone levels at diagnosis and PCa aggressiveness. In addition, the results indicate that low total serum testosterone levels predict poor prognosis. Further observational studies are warranted to validate these results in a larger and more diverse population.
